ABSTRACT. The various life stages of the zebra mussel (Dreissena polymorph a) were examined during the initial years 
INTRODUCTION
Since the zebra mussel (Dreissena polymorpha) first became established in the Great Lakes, a number of changes in water quality parameters have been documented in regions where the mussels have become most abundant. Recent increases in water clarity, declines in chlorophyll levels, and lower phytoplankton abundances have mainly been attributed to the filtering activity of the mussels (Hebert et al. 1991 , Holland 1993 , Leach 1993 , Nicholls and Hopkins 1993 , Marsden et al. 1993 . While the evidence for mussel-induced changes seems convincing, others have suggested that at least a portion of these changes can be attributed to such factors as zooplankton grazing or nutrient abatement programs (Wu and Culver 1991, Nicholls and Hopkins 1993) .
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Fundamental to understanding the impact of Dreissena on a given ecosystem is an accurate, realistic estimate of population standing stocks. However, Dreissena populations are highly variable in both space and time, and obtaining accurate population estimates for a given system is often a difficult task. Densities can vary greatly over limited distances due to differences in substrate type and other physical and chemical features of the particular habitat (Dermott and Munawar 1993, Mellina and Rasmussen 1994) . In addition to varying over space, populations can vary from year to year in response to factors that are extrinsic to the specific habitat, or to factors that are density dependent. These temporal fluctuations can be divided into two categories: those associated with the initial invasion, and those This article is a U.S. government work, and is not subject to copyright in the United States.
Nalepa et ala associated with an already established population (Stanczykowska and Lewandowski 1993) . The former category is typified by an initial high density followed by a population crash (Sebestyen 1938 , Walz 1974 , and the latter by irregular increases and decreases over several decades (Stanczykowska et al. 1975) .
As part of an assessment of the impact of Dreissena on the Saginaw Bay ecosystem, we here document temporal trends and spatial distributions of populations in 1991, 1992, and 1993. Although mussels were found in the bay in 1990, the first large recruitment did not occur until summer 1991, thus densities over the study period reflect trends during the initial years of the invasion. In addition to documenting density trends of the various life stages (larvae, newly-settled juveniles, and adults) over this period, two important features of the adult population were also examined: soft tissue weight per unit shell length and length-frequency distribution. In mollusks, the weight:length relationship provides a measure of the relative condition or nutritional state of the population (Russell- Hunter et al. 1984 , Russell-Hunter 1985 and has been used to assess physiological stress in Dreissena (Stanczykowska 1964 , Nalepa et at. 1993 . The length-frequency distribution provides information on growth and survival of individual cohorts (Griffiths et at. 1991 , Mackie 1991 . In examining density trends and growth patterns, emphasis was placed on comparing populations in two regions of the bay, the eutrophic inner bay and the oligotrophic outer bay.
Description of Study Site
Saginaw Bay is a shallow, well-mixed extension of the western shoreline of Lake Huron. Total area of the bay is 2.77 X 10 9 m 2 , and total water volume is 24.54 x 10 9 m 3 . The bay can be divided into an inner and outer region by a line extending along its narrowest width (21 km) from Sand Point to Point Lookout ( Fig. 1) . A broad shoal and several islands along this line provide a natural demarcation between the two regions. Differences in physical and chemical features of the inner and outer bay regions are distinct (Beeton et al. 1967 , Smith et al. 1977 . The inner bay has a mean depth of only 5.1 m, is nutrient-rich, and is heavily influenced by input from the Saginaw River, which accounts for 70 % of the total tributary flow into the bay. The outer bay has a mean depth of 13.7 m and is more influenced by the colder, nutrient-poor waters of Lake Huron. Bottom substrates in Saginaw Bay range from silt to mostly cobble and rock. The inner bay has a wide sand-gravel bar that extends along the eastern side of the bay from the Saginaw River to the Charity Islands. Another sand-gravel bar extends along the western shoreline to Point Au Gres. Both sand bars have irregular areas of cobble along with patches of sand, gravel, and pebbles. The bars extend into the shorelines as extensive flats grade into marshes. Between the two sand bars is an area of maximum depth where the substrate consists of fine-grained sediments (silt/mud). Based on areal estimates of substrate type by Wood (1964) and extensive benthic sampling in the late 1980s (Nalepa unpublished), we estimated that 70% of the bottom in the inner bay consists of sand, gravel, and cobble, and 30% consists of silt/mud. In the outer bay, the east shore is rocky, as is the area around the Charity Islands. The western shore has extensive sandy areas, with rock and clay found near Point Lookout. Most of the offshore region of the outer bay has a bottom consisting of silty sand (Nalepa unpublished) .
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METHODS
Locations of the sampling sites in Saginaw Bay are given in Figure 1 . Larvae were collected at all sites except Stations 6, 15, and 27 at approximately monthly intervals from April to November in 1991, and from April to October in 1992 and 1993. On some dates, not all sites were sampled because of poor weather conditions; sites sampled on each date are given in Nalepa et al. (in press) . Duplicate samples were collected at each site using a conical plankton net (63-llm mesh openings, 29.5 cm diameter, and 113 cm long). The net was hauled vertically from 1 m off the bottom to the surface; actual distance of the net haul was determined with a block/cable metering system. Net contents were narcotized with club soda before being preserved in 5% sugared formalin. In the laboratory, larvae were counted along with other zooplankton. The sample was subdivided in a Folsom plankton splitter as many times as necessary to give subsamples containing 200-300 organisms (total).
Newly-settled juveniles were estimated by counting individuals settled onto artificial substrates at an inner bay site (Station 5) and an outer bay site (Station 19) (Fig. 1 ). Substrates were clay tiles (14.2 cm x 14.2 cm) with a smooth and grooved side. Tiles were held vertically by upright, aluminum supports that were fixed in a fiberglass tray filled with concrete. Vertical placement of the tiles prevented preferential settlement on upper surfaces as observed with horizontal placement (Marsden et ai. 1993) . Ten tiles were placed in each tray and positioned at right angles to each other. The entire tray was placed on the bottom (one per site), with actual location of the tiles about 28 cm above bottom. At approximately monthly intervals in 1991 and 1992, the trays were brought to the surface and 4-6 tiles removed. Tiles were placed separately into plastic bags and frozen. The removed tiles were replaced with new tiles that were collected the next sampling period. This procedure provided data on the number of settled juveniles over the monthly exposure period. Other tiles were left in place until the last sampling date to provide data on the total number of juveniles settled during the entire exposure period. At times, weather or technical problems prevented the collection of tiles for a given month. To compensate for differences in days of exposure, all results are reported as individuals settled per unit area per day. In 1991, trays were placed on the bottom in June and retrieved in November. In 1992 and , trays were placed on the bottom in May and retrieved in October. In 1993, tiles were not collected on a monthly basis so only data on the total number settled over the entire exposure period were obtained. In the laboratory, settled mussels were removed from the tiles and counted under 12 x magnification.
Density estimates of mussels on bottom substrates (here termed adults) were obtained in fall 1991, 1992 , and 1993 at all sites in Figure 1 except Station 21. Depending upon the type of substrate, densities were estimated using either SCUBA divers or a surface-deployed grab sampler. At sites with a hard substrate (sand, gravel, cobble; Table 1 ), divers randomly placed a 0.25 or 0.5 m 2 square frame on the bottom and hand-collected all hard material within the frame area (diver-quadrat method). After all material had been removed, the surface area within the frame was re-sampled using a diver-operated suction device fitted with a nitex net with 0.5-mm openings (Winnell and Jude 1987) ; this procedure ensured that all loose mussels were included in the sample. Triplicate samples were collected randomly at each site with divers moving about 2-3 m between replicates. At sites where the bottom consisted of mostly silt, densities were estimated using a Ponar grab. Triplicate samples were washed into an elutriation device fitted with a Nitex sleeve having 0.5-mm openings (Nalepa 1987) . The residue was preserved in 5% buffered formalin. For each sample, up to 500 mussels were counted and measured (shell length); samples with a greater number of mussels were proportionally split, counted, and measured, and the portion applied to the entire sample. For length-frequency distributions, mussels with a shell length < 5 mm were counted and placed into a single size category; since these mussels were separated with the naked eye or with a 2x magnifier, some smaller mussels (0.5-1.0 mm) were possibly missed. Mussels with a shell length> 5 mm were individually measured using a digitizer pad and placed into size categories of 1-mm intervals.
To examine within-site variability in densities, additional samples were collected using the diverquadrat method in May/June 1994 at two of the sites, Stations 5 and 14. The sampling design for these collections consisted of taking samples at the established station and at locations that were 0.4 and 0.8 km from the established station along north, south, east, and west transects. Nine replicate samples were taken at each of the 9 locations for a total of 81 replicate samples. The nine replicates at each location were taken 2-3 m apart and collected in groups of three along the direction of the transect. At Station 5 and at each of three locations around this site (south -0.8 km, west -0.4 km, west -0.8 km), 3 to 10 rocks were collected in the quadrats and placed separately into plastic bags. The number of mussels attached to each rock was determined, and the exposed area of the rock estimated by pressing aluminum foil on the rock surface, and then weighing the foil. The weight of a foil piece with known surface area was used to convert foil weight to rock surface area. This method of calculating mussel densities was termed the rock-area method.
To determine the relationship between soft tissue weight and shell length, mussels were collected at one of the inner bay sites (Station 5) in November 1991 (one date) and at approximately monthly intervals from May to October in 1992 (seven dates) and in 1993 (five dates). Mussels were collected with an epibenthic sled towed behind a small boat. After collection, mussels were separated into five size categories based on relative shell length. Soft tissues of at least five individuals from each size category were removed from the shell, placed individually into combusted, preweighed aluminum planchets, dried at 60 0 C for at least 48 h, and ashed at 550 0 C for 1 h. Ash-free dry weight per unit shell length (AFDW:SL) was described by the general allometric equation W = aLb, where W is the AFDW of the soft tissue in mg, and L is the length of the shell in mm. Weight and length were converted to natural logs and a linear regression equation determined.
Total biomass was determined by mUltiplying the number of individuals in each size category by the AFDW of the median length of that category. For purposes of calculation, individuals in the < 5 mm category were assigned a median length of 2.5 mm. Since both densities and length frequencies of the population were determined in the fall, only the AFDW:SL relationship for the fall (SeptemberNovember) of each year was used to determine total biomass. It was assumed that the AFDW:SL relationship was the same for all sites in the inner bay. Because of difficulties in obtaining mussels consistently with the epibenthic sled at the outer bay sites, the AFDW: SL relationship for mussels from the outer bay was not determined and biomass values are not presented.
On each date larvae were sampled, water samples were collected at the 1-m depth at each site for the determination of temperature, chlorophyll, and particulate organic carbon (POC). Exact methods of collection and laboratory analysis are given in Nalepa et al. (in press ). We present data from just two of the sites, Stations 5 and 19, since these two sites typify conditions in the inner and outer bay respectively, were of similar depth and substrate type (Table 1) , and were the only two sites where all life stages of Dreissena were collected. Data from other sites are summarized by Fahnenstiel et al. (1995) and Johengen et al. (1995) .
RESULTS
Temperature, Chlorophyll, and Carbon While highest mean temperatures occurred in 1991 at both inner bay (Station 5) and outer bay (Station 19) sites, temperatures at the former site were significantly higher than the latter site over the 3-year period (Table 2 ; paired t-test; P < 0.01).
Yearly mean temperatures at the two sites were most similar in 1991 (1.2°C difference) and most different in 1993 (3.6°C difference). Mean chlorophyll and POC declined between 1991 and 1993 at both sites (Table 2) . Although mean chlorophyll concentrations were generally higher at the inner bay site, differences between the sites were not significant (paired t-test; P > 0.05) over the 3-year period. While concentrations of POC were significantly (paired t-test; P < 0.01) higher at the inner bay site over all sampling dates, greatest differences occurred in 1991 and 1992; by 1993, mean poe at the two sites was similar.
Density of Larvae and Newly-Settled Juveniles
Over all sites, larvae were not found until June in 1991, but as early as the first week in May in 1992 and late May in 1993 (Table 3) . Peak densities occurred in either July or August of each year. In the inner bay, larval densities increased between 1991 and 1993. For the June-September period (period of greatest abundance), there was a significant difference between years, with densities significantly higher in 1993 than in 1991 (ANOYA; P < .05; Tukeys HSD comparison test). For the outer bay, yearly differences were not detected (ANOYA; P > 0.05). Although mean larval densities tended to be higher in the inner bay than in the outer bay on any given sampling date, overall density within the two regions was not significantly different over the 3-year period (ANOYA, P > 0.05; all sites pooled), and more specifically, significant differences between Stations 5 and 19, were not detected (paired t-test; P > 0.05). When densities in the two regions were compared year by year, densities were significantly higher (Hest; P < 0.05) in the inner bay in 1993. Distributions of larvae were generally very patchy (Fig. 2) . Densities were frequently (5 of 12 sampling dates) highest in the southwestern portion of the inner bay, and on only one sampling date (July 1992) were densities generally similar throughout the entire bay. The period of settling and the total number of newly-settled juveniles varied greatly between years (Table 4) . At the inner bay site (Station 5), two peaks were evident in 1991. The first peak occurred in June-July and a second, greater peak occurred in August-October. The second peak coincided with the higher number of larvae found in the water column at that time. In 1992, an early peak occurred in May-July, but a second, late summer/fall peak was not observed. Thus, while densities of larvae in late summer/fall were similar in 1991 and 1992, juvenile settlement during this period occurred in the former year and not the latter. Although data at the outer bay site (Station 19) were limited, strong seasonal peaks were not apparent in 1991, and in 1992 settlement occurred mainly in June-July. Yearly trends in the total number of newly-settled juveniles were similar at the two sites. Total number was highest in 1991, declined dramatically in 1992, and then increased in 1993 (Table 4) . This yearly trend did not parallel trends in the number of larvae in the water column since, as noted, larval densities increased between 1991 and 1993.
Theoretically, over a season, the total number of juveniles settled onto tiles that were kept in place for the entire exposure period should equal the sum 
of the number settled onto tiles that were removed each month. However, differences in the two density estimates did occur, and differences were not consistent between years. At Station 5, total densities of juveniles settled onto tiles in place for the entire period were 248,000/m2 and 3,600/m2 in 1991 and 1992, respectively, while total densities derived from summing the density on tiles removed each month were 145,700/m2 and 11,000/m2, respectively.
Density and Biomass of Adults Mean densities of adult mussels at sites with hard substrate differed over the 3 years, with densities in 1992 significantly higher than in 1991 or 1993 (Table 5 ; ANOVA, Tukey HSD, P < 0.05). Mean overall densities were 11, 700, 33,200, and 4,100/m2 in 1991, 1992, and 1993, respectively . Yearly trends at individual sites were highly variable. For example, densities at four sites peaked in 1992 then decreased in 1993 (Stations 5, 14, 16, and 19) , densities at one site peaked in 1991 and then declined in 1992 (Station 15) , and densities at three sites were generally consistent all three years (Stations 6, 13, and 27 1991-1993. Values given are per m 3 x J(r 3 • Station location denoted by (.) . bay sites with hard substrates was 9.8, 61.9, 4.5 g 1m 2 in each of the three years, respectively (Table  5) . For sites with soft substrate, densities were generally low throughout the 3-year sampling period, except at Station 11 in the inner bay where densities increased dramatically in 1993 (Table 6) .
To further examine the decline in densities between 1992 and 1993 at many of the sites, densities in spring 1994 were compared to fall 1992 and 1993 at two of the sites with hard substrates where densities declined in 1993 (Stations 5 and 14) . Since most recruitment occurs in the summer, it was assumed that values in spring would not differ greatly from values the previous fall. Densities in spring 1994 at these two sites were not significantly different from those in fall 1993, but were significantly lower than densities in 1992 (Table 5; ANOVA, Tukey HSD, P < 0.05). This finding further verifies declines in density observed between 1992 and 1993.
As noted, the primary purpose of the spring 1994 survey was to examine small-scale patchiness in densities at two of the sites with hard substrates, Stations 5 and 14. Density estimates at the eight (Table 7) . Coefficients of variation of the mean densities at the nine sampling locations were 64% and 63% at the two sites, respectively. In comparison, the coefficient of variation for the means for all eight sites with a hard substrate sampled in fall 1993 was 66%. Thus, by fall 1993/spring 1994, variation within 1.6 km of a given site was similar to that found between all hard-substrate sites throughout the entire bay. Further, the coefficient of variation of annual means for 1991-94 was 128 and 169% at Stations 5 and 14, respectively, so variation at each of these two sites in spring 1994 was considerably less than the variability at each site between years.
For samples collected at Station 5 in spring 1994, densities estimated using the diver-quadrat method averaged 12 times lower than densities estimated using the rock-area method (Table 7) .
Length Frequency
In fall 1991, the adult population of Dreissena in both the inner and outer bay consisted mostly of small individuals that had been recruited that year (Fig. 3) . At the six sites in the inner bay with hard substrate, 66% (range 52-86%) of the population had a shell length of < 5 mm. At the two outer bay sites with hard substrate, Stations 19 and 27, 86% and 88% of the population had a shell length < 5 mm. While length-frequency distributions showed that the 1991-cohort accounted for most of the population in 1991, there were larger individuals (>15 mm) present at most of the sites. These large individuals likely represented either the 1989-or 1990-cohort. Densities of this second cohort were low at all sites except at Station 15 (Fig. 3) . The lengthfrequency distribution at this site clearly showed two modal peaks (one at < 5 mm and another at 18 mm) suggesting that the larger-sized cohort was likely the 1990 year class. After 1991, length-frequency distributions varied considerably between sites, mainly as related to differences in growth rate of the 1991-cohort. In fall 1992, modal lengths of the 1991-cohort varied from 7-9 mm (Station 5) to 12-13 mm (Station 13) in the inner bay, and from 8-9 mm (Station 19) to 15 mm (Station 27) in the outer bay. Also, the 1990-cohort, which showed rapid growth to 18 mm after 1 year, was no longer distinguishable in the population after 2 years (see Station 15; Fig. 3) . Similarly, the 1991-cohort could no longer be readily distinguished after 2 years at most of the inner bay sites. At sites where the 1991-cohort still appeared to be present (see Station 5 in spring 1994 and Stations 6 and 13 in fall 1993), modal length was only 15 mm. In contrast, the 1991-cohort was still distinguishable at the outer bay sites after 2 years, reaching a modal length of 17 mm at Station 19 and> 20 mm at Station 27 in 1993 (Fig. 3) .
At each of the sites, the proportion of the total population < 5 mm was always less than 13% in both 1992 and 1993, indicating recruitment into the adult population was relatively low in these years compared to 1991. This finding concurs with the low number of settled juveniles on tile substrates in 1992, but contrasts with the relatively high number in 1993.
Length-Weight
To illustrate seasonal and yearly trends in the AFDW:SL relationship, a length-weight regression equation was calculated (regression significant on each date; P < 0.05) and then used to determine temporal trends in the AFDW of a standard mussel 15-mm in shell length. This shell length represents the size at which mussel growth and survival diminished in the inner bay. In 1992, AFDW of a standard mussel was highest on the first sampling date in early May and gradually declined to a minimum in the late summer/fall. In 1993, AFDW was generally similar from May until early August before declining (Fig. 4) AFDW of a standard mussel declined in the fall of each successive year; weights in OctoberlNovember were 8.6, 4.6, and 3.1 mg in 1991, 1992, and 1993, respectively. The mean AFDW:DW ratio of the soft tissue was 0.84 and ranged from 0.77 to 0.88 for a given sampling date. Consistent temporal trends in the ratio were not apparent.
DISCUSSION
On a yearly basis, there was no observed relation between densities of larvae, settled juveniles, and adult Dreissena. In 1991, the first year Dreissena became widespread and abundant in Saginaw Bay, densities of larvae were the lowest of the 3-year study period, yet the number of settled juveniles was the highest, indicating high survival of larvae to the settling stage. In 1992, larval densities increased over 1991, but numbers of settled juveniles were the lowest, and densities of adults were the highest over the 3-year period. Although densities of larvae and the number of settled juveniles increased in 1993, adult densities declined. These trends should be interpreted with some caution since monthly sampling for larvae is likely inadequate to fully describe temporal changes. However, the poor temporal relation between the various life stages of Dreissena in Saginaw Bay generally c: <.) Colonization of Zebra Mussels in Saginaw Bay, Lake Huron :~i . . . .
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105 -r-----------. Nalepa et al. agrees with results reported from other Great Lakes regions during the inital years of colonization. In both western Lake Erie (Garton and Haag 1993) and southwestern Lake Michigan (Marsden et al. 1993) , high numbers of settled juveniles and an increase in adult densities in one year was followed by an increase in larvae but a dramatic decline in juveniles the following year. High mortality at the settling stage after adults become established can be a result of either inadequate food (Sprung 1989) , adult filtering activities (MacIsaac et al. 1991) , or lack of suitable substrates (Stanczykowska and Lewandowski 1993, Sprung 1989) . In Saginaw Bay, the influence of these latter two factors seemed apparent in 1993 when relatively high densities of larvae in the water column and newly-settled juveniles on tiles did not result in an increase in individuals found on bottom substrates. Poor correlation between yearly trends in densities on tiles and densities on bottom substrates may partly be attributable to differing ability to distinguish the small « 1.0 mm) settled juveniles; these small individuals were easier to detect on the tiles than on bottom substrates. Because of growth patterns, high numbers of settled juveniles in 1991 would have led to high adult densities in 1992, and low numbers in 1992 would have led to low adult densities in 1993. However, high numbers of settled juveniles in 1993 did not lead to higher adult densities in spring 1994.
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On a spatial scale, physical forces such as currents and wind-driven circulation patterns also have an influence on larval survival and recruitment into the adult population. Although differences in larval densities at inner and outer bay sites were not significant over the study period, densities tended to be higher at sites in the southwestern portion of the bay (Stations 4 and 7) . Due to current patterns, particulates tend to accumulate in this region, and sedimentation rates are the highest in the bay (Robbins 1980) . The same physical processes that focus particulates would also focus planktonic larvae. On the other hand, since adults can remove larvae by their filtering activities (MacIsaac et al. 1991) , it can be argued that larvae were more abundant at these sites because adult densities were minimal.
Even given density-dependent and physical forces influencing recruitment, there were some inconsistencies in abundances of the life stages that are not easily explained. For instance, in 1991 the number of larvae in the water column appeared too low to result in the high number of settled juveniles observed. If the mean number of larvae throughout the water column observed at Station 5 had matured in 5-16 days (Sprung 1993) over the time period the tiles were in place, the density of settled juveniles would have ranged from 19,000/m2 to 61,000/m 2 . The density of settled juveniles on tiles at this station was 248,000/m2. In 1992 and 1993, the number of larvae potentially reaching the settling stage was higher than the actual number of juveniles settled onto the tiles as might be expected. Conceivably, some focusing on the tiles may have occurred in 1991, or a larval peak may have been missed.
For various reasons, it is difficult to compare densities of Dreissena found in Saginaw Bay to densities found on bottom substrates in other areas of the Great Lakes. Timing of the sampling event relative to the initial colonization, time of year samples are collected, method of collection, and the proportion of suitable substrate in a given area are all factors that can affect density estimates. Densities associated with the initial invasion period on hard substrates in Saginaw Bay appear to have peaked in 1992, or one year after the first large recruitment in 1991. Maximum density in 1992 at an individual site was 75,300/m2, and the mean density at all sites was 33,200/m 2 . By 1993, mean density had declined to 4,200/m 2 . In comparison, densities reported from reef sites in western Lake Erie in fall 1990, or 2 years after the first large recruitment, ranged from 15,000/m2 (Garton and Haag 1993) to over 200,000/m 2 (Leach 1993) . Also in fall 1990, Dermott et al.(1993) reported densities of 54,000/m 2 at a rocky nearshore site in northeastern Lake Erie. Stewart and Haynes (1994) reported fall densities of 34,000/m 2 at a reef site in Lake Ontario 2 years after the initial colonization, while in nearshore areas of southwestern Lake Michigan, densities of 57,000-268,000/m 2 were reported 1 year after the initial large recruitment (Marsden et al. 1993) . The higher density estimates of Leach (1993) and Marsden et al. (1993) may be more related to their method of determining densities since they both used the rock-area method. As shown (Table 7) , this method likely overestimates densities per unit area of bottom if not all substrate is suitable for colonization.
At sites with hard substrates in Saginaw Bay, only a limited area of the bottom might be considered suitable for mussel colonization. That is, while some druses were observed on sand, most of the mussels were found on cobble, and cobble only accounted for 5-50% of the bottom area (diver estimates) at inner bay sites and at Station 19 in the outer bay. The only site where the bottom was entirely hard was Station 27, and colonization even at this site was not 100%. Thus, the somewhat lower densities in Saginaw Bay compared to reef sites in other Great Lakes areas may simply be a function of the amount of suitable substrate. Even so, density estimates in Saginaw Bay in 1993 are within the range of 500 -1O,000/m 2 found on similar sized substrates in other lakes (Mellina and Rasmussen 1994) . Although Dreissena has been found on soft sediments in both Lake Erie and in Lake St. Clair (Hunter and Bailey 1992 , Dermott and Munawar 1993 , Nalepa and Schloesser 1993 , few mussels were found at sites in Saginaw Bay with a substrate of silt or silty sand.
At most sites with hard substrates, densities of adult mussels differed considerably from year to year. However, no individual site had densities that were consistently higher or lower than the other sites over the entire 3-year sampling period. This would indicate that density differences were likely related to the dynamics of recruitment rather than to differences in chemical/physical features of specific habitats. Densities can vary widely in a given water body particularly in the early stages of the invasion period as suitable substrates become colonized and the population expands (Stanczykowska and Lewandowski 1993) . For example, densities peaked at Station 15 in 1991, but densities peaked at most other sites in 1992. The large number of individuals belonging to the 1990-cohort at Station 15 would indicate that colonization occurred at this site earlier than at other sites within the bay. Also, some of the variation between years at a particular site was likely related to the patchiness of available substrate. While navigation systems (Loran C) can provide accurate positioning, even slight variation in sampling location may lead to large differences in density estimates. As shown, a maximum 19-fold difference in density occurred within just a short distance from the site location (Table 7) . Similar high variation in mussel distributions were noted at specific sites in nearshore Lake Michigan where the proportion of bottom colonized by mussels ranged from 13% to 69% (Marsden et al. 1993) . Shifting sands during storm events in Saginaw Bay both exposed and buried colonization sites (diver observations), which likely also contributed to temporal variability. Despite these sources of variation, by fall 1993/spring 1994 densities at all the sites with hard substrates were generally similar, and variation between sites was within the range of variation that occurred within a given distance (1.6 km) around a specific site.
While densities in the inner and outer bay were generally comparable by fall 1993/spring 1994, length frequency distributions were quite different. This difference can be attributed to differential growth of the 1991 cohort. Growth and survival can be inferred from length/frequency distributions only if there is little or no overlap in size between cohorts. The large, initial recruitment in 1991 allowed us to readily discern this cohort at most sites in subsequent years. Growth of the 1991-cohort was generally similar in the inner and outer bay after 1 year, with modal lengths between 9-15 mm in 1992. These growth rates compare favorably to growth in other regions of the Great Lakes as well as to growth rates in European lakes. For instance, shell length of the 1 + cohort was 10-11 mm for individuals occurring on benthic substrates in western Lake Erie and Lake St. Clair (Griffths et al. 1991) , and was 15 mm for individuals in a nearshore region of northeastern Lake Erie (Dermott et al. 1993) . In European lakes, shell lengths of 9-15 mm have been reported for the 1 + age group (Stanczykowska 1964; Walz 1974 Walz , 1978d bij de Vaate 1991; Smit et al. 1992) . After 2 years, growth of the 1991-cohort was quite different in the inner and outer bay. By 1993, the 1991-cohort could not be clearly distinguished from the 1992-cohort at most inner bay sites. At sites where the 1991-cohort may have been present, the modal length was only 15 mm. Thus, either mussel growth in the inner bay was minimal after the first year, or the typical life span of mussels in the inner bay was less than 2 years. In contrast, the 1991 cohort was still clearly distinguishable at outer bay sites in 1993. The size of this cohort (modal length > 15 mm) compares to that reported for the 2+ age group in Lake Erie, Lake St. Clair, and lakes in Europe (citations above).
Based on historical data of phytoplankton composition and concentrations of nutrients and chlorophyll (Smith et al. 1977 , Bierman and Dolan 1981 , Stoermer and Theriot 1985 , the inner bay can be considered eutrophic and the outer bay more oligotrophic. Given these trophic differences and considering the response of Dreissena populations to differing trophic conditions in European lakes, we would have expected greater growth in the inner bay and perhaps greater densities in the outer bay at sites with similar water depth and substrate type. For example, Stanczykowska (1984) showed that shell length and soft tissue weight of Dreissena in the 2+ age group or older was greater at sites considered more enriched within a given lake, and Sprung (1993) , in comparing growth rates in two lakes, found higher growth in the lake with higher seston concentrations. In a number of Polish lakes, Lewandowski (1991) reported overall higher Dreissena densities in mesotrophic lakes than in eutrophic lakes, and Dorgelo (1993) found larger mussels in eutrophic lakes but higher densities in an oligomesotrophic lake. In the Great Lakes, growth rates were higher in the more eutrophic waters of the western basin than in the eastern basin of Lake Erie (MacIsaac 1994) .
Growth in Dreissena is a function of temperature and food availability (Walz 1978a (Walz , 1978b Smit et al. 1992) , and comparisons of these two variables at typical sites in the inner bay (Station 5) and outer bay (Station 19) may provide insights into differences in growth/survival as derived from length frequency distributions. According to the growth model of Schneider (1992) , under conditions of constant, maximum food availability, growth is optimal at a water temperature of about 11°C and declines as temperatures increase or decrease. At constant temperature, growth increases with food availability until levels reach about 80% of the maximum ingestion rate. For Dreissena, the maximum ingestion rate is realized when food concentrations reach about 2 mg C/L (Walz 1978a (Walz , 1978b . In comparing water temperatures and food concentrations at the two Saginaw Bay sites on each date, temperatures at the inner bay site were more frequently farther-removed from the optimal growth temperature than temperatures at the outer bay site, while food concentrations, as measured by chlorophyll and POC, were at least comparable to or higher than concentrations at the outer bay site (Table 2) . Since growth of the 1991 cohort was similar at the two sites through 1992, the less optimal temperature regime at the inner bay site was likely compensated by higher food concentrations. In 1993, when food concentrations in the inner bay declined, growth/survival was lower than in the outer bay.
Limited growth of Dreissena in the inner bay in 1993 is consistent with the observed decline in soft tissue weight per unit shell length. Under limiting food conditions and constant temperatures over several years in Lake Constance, Dreissena displayed a decrease in soft tissue weight while shell length remained constant (growth = zero) (Walz 1978b) . For mollusks in general, weight loss or tissue "degrowth" occurs when food supplies are inadequate to meet the metabolic demands of the organism (Russell-Hunter 1985) . To assess the relative loss of tissue weight in Dreissena at the inner bay site, the weight of a standard 15-mm mussel was compared in fall of each year. Dorgelo and Kraak (1993) considered the baseline weight of Dreissena to be the weight after spawning in fall, while Smit and Dudok van Heel (1992) considered fall the best time to make biomass comparisons between different water bodies. The weight of a standard 15-mm mussel at the inner bay site declined 65% between fall 1991 and fall 1993. To put the decline in weight of Saginaw Bay mussels in perspective, the weight of a 15-mm mussel from the inner bay site was compared to weights of a similar-sized mussel from other lakes (Table 8) . The weight of a standard mussel from the inner bay site in 1993 was the lowest of all other lakes compared. Walz (1978a) determined that the food concentration (in mg CIL) required to maintain body weight (growth = zero) in Dreissena increased with mussel size and temperature. From his laboratory-derived relationship, a mussel with a soft tissue weight of between 5-10 mg C (= 10-20 mg AFDW assuming 50% C) would require about 0.1 mg C/L at 4°C and a maximum of about 0.8 mg CIL at 20°C to maintain body weight. Given these values, the concentration of food (in mg POC/L) at the inner bay site should have been adequate to sustain weight of a standard 15-mm mussel, at least in 1992. Besides food concentration, two other factors that can affect food availability and subsequent utilization by mussels are the rate of food replacement/delivery and food quality. Local depletion of food resources immediately above dense mussel beds is common and the amount of food available is a function of turbulent mixing in the water column (Buss and Jackson 1981 , Frechette and Bourget 1985 , Petersen and Black 1987 . However, it was unlikely that local depletion of food resources occurred at the inner bay site; thermal stratification or vertical chlorophyll gradients were not observed during the study period , indicating a well-mixed water column. Characteristics of the seston that can affect food utilization by Dreissena are particle size (Ten Winkle and Davids 1982, Dorgelo and Smeenk 1988) , proportion of inorganic silt (Alexander et al. 1994) , and algal composition (Walz 1978b) . The decline in weight per unit length and the lack of growth of mussels beyond a specific size in the inner bay may indeed indicate that food quality is poor and utilization limited. For example, the relatively high values of carbon and chlorophyll in late summer 1992 at the inner bay site were apparently associated with a bloom of several species of cyanophytes (Soon-Jin Hwang, personal communication, Kent State University) which apparently are not readily filtered by Dreissena , Lavrentyev et al. 1995 . Besides a more favorable temperature regime, a higher food quality in the outer bay may have contributed to greater growth compared to the inner bay since cyanophytes were generally not present. At any rate, positive links between food quality, food utilization, and variable growth of Dreissena in the bay can only be established through further detailed analysis of seston composition along with field and laboratory studies of Dreissena ingestion and assimilation. Seasonal variations in soft-tissue weight of a standard 15-mm mussel in the inner bay were quite different in 1992 and 1993, with seasonal declines less apparent in the latter year. Differences in weight of Dreissena over a seasonal period occur relative to the reproductive cycle and/or changes in food levels and temperatures (Skirkyavichena 1970 , Walz 1978c , Dorgelo and Smeenk 1988 , bij de Vaate 1991 , Dorgelo and Kraak 1993 , Smit and Dudok van Heel 1992 , Garton and Haag 1993 , Nalepa et al. 1993 . Maximum weight per unit length occurs in the spring (April/May) when the organisms are ripe with gametes. As temperatures increase, spawning is initiated and weight loss occurs throughout the summer months as the gametes are shed; minimum weight occurs in late summer/fall. Weight loss may also occur in the summer because energetic demands are not met as a result of generally high temperatures and low food availability (Walz 1978c , Nalepa et al. 1993 . For a seasonal cycle, changes in biomass fit a gaussian distribution with a peak in spring (Smit and Dudok van Heel 1992) . Seasonal trends in weight loss of Dreissena in Saginaw Bay followed this general pattern in 1992, but not in 1993. In the latter year, a spring peak was not observed and weight remained constant until a decrease occurred in late summer. If relative weight in the spring and subsequent losses in the summer are any indication of yearly repro-ductive potential, reproduction should have been greatly diminished in 1993 compared to 1992. This did not appear to be the case since densities of both larvae and newly-settled juveniles were higher in 1993 than in 1992.
In summary, the initial years of the Dreissena invasion in Saginaw Bay were characterized by large year-to-year variations at individual sites. However, densities at sites with similar substrates were generally consistent throughout the bay by 1993. Although densities and total biomass of the population in 1993 were the lowest of the 3-year sampling period, it is difficult to predict whether the population in the bay has peaked and is now at a level more at equilibrium with its surrounding environment. Food availability has decreased to its lowest level of the 3-year period, length:weight ratios are low, and growth in the inner bay is limited. On the other hand, larval densities have continued to increase over the period and the number of newly-settled juveniles in 1993 was relatively high. All suitable hard substrate appears to be heavily colonized, but colonization of soft sediments remains a long term possibility. While Dreissena populations can fluctuate widely over the long term (Stanczykowska and Lewandowski 1993) , values in Saginaw Bay of variables defined as having an influence on population variability (surface area, calcium, phosphate) are within the range found in lakes having relatively constant populations (Ramcharan et al. 1992) . Continued monitoring of populations in both the inner and outer bay should provide useful data to better predict population density and growth under differing trophic conditions.
